While there is much to learn about which dopamine ward circuitry directly, bypassing peripheral sensory neurons play roles in incentive motivation and reinforcepathways. The unsensed incentives of brain stimulament and there is much more to learn about the afferents tion and intracranial drug injections thus give us tools to and the efferents from those dopamine neurons, a to identify reward circuit elements within the associagood deal is known about the brain structures and retional portions of the CNS. Such studies have impliceptor subtypes at which addictive drugs trigger their cated the mesolimbic dopamine system and several habit-forming actions. This information comes in large of its afferents and efferents in motivational function.
White, 1987), and it is not clear that all such effects
(Jaffe, 1985; Wise, 1988) , the current distinction between a habit and an addiction is that an addiction is a compuldepend on only the subpopulation expressing both resive habit maintained despite harmful consequences ceptors.
(Jaffe, 1985; Leshner, 1999; McLellan et al., 2000). InasGlutamatergic inputs from a variety of cortical sources much as it is as difficult to objectively define compulsion synapse on the heads of medium spiny neurons in nuas it is to define addiction, the distinction between a cleus accumbens, and antagonists of the NMDA-type simple habit and a compulsive habit seems more likely glutamate receptor are self-administered into this reto be a quantitative than a qualitative distinction. Nonegion. The rewarding effects of phencyclidine and other theless, the attempt to characterize the mechanisms NMDA antagonists are localized to the nucleus accumresponsible for the transition from a simple habit to a bens shell; injections in the core are not effective (Carcompulsive habit has led to a major thrust of current lezon and Wise, 1996a) . Unlike the rewarding effects of work on addiction: the search for neuroadaptations that the dopamine uptake inhibitor nomifensine and despite can explain the transition from habit to compulsion (e.g., the fact that phencyclidine is, like nomifensine (but at 
, 1974). They do so to et al., 2002). While opiates in nucleus accumbens induce the exclusion of other behaviors, starving themselves locomotion, their dopamine-independent actions in nu-
for the opportunity to self-stimulate if food and stimulacleus accumbens require an order of magnitude higher tion are concurrently available for only a limited portion doses than do their dopamine-dependent actions in the of each day (Routtenberg and Lindy, 1965) . Once experiventral tegmental area (Kalivas et al., 1983). Interestenced with the stimulation, rats will cross electrified ingly, the locomotor stimulant effects of opioids in nugrids to gain access to the lever, accepting higher shock cleus accumbens are enhanced by treatments that to obtain stimulation than they are willing to accept to cause dopamine depletion or block dopamine receptor obtain food (even when deprived for 24 hr [Olds, 1959] ). function in this region (Stinus et al., 1985 (Stinus et al., , 1986 .
The most obvious hypotheses as to why brain stimulaFinally, rats self-administer the cholinergic agonist tion reward is so effective are (1) that they activate the carbachol into nucleus accumbens (Ikemoto et al., reward pathway directly, bypassing synaptic barriers in 1998a). Cholinergic interneurons are sparse in this resensory pathways (Wise, 1987) ; (2) that they activate gion (they comprise less than 2% of all striatal neurons), the reward pathway powerfully, directly depolarizing a but they branch profusely and innervate the medium population of reward fibers within a radius of 0. self-administration appears to become compulsive alThe defining property of rewards or "reinforcers" is that most immediately. The first few lever-presses that result they "stamp in" (Thorndike, 1898) learned associations in lateral or posterior hypothalamic stimulation are, of (Pavlov, 1928) and response habits (Thorndike 1898, course, accidental. However, rats begin to respond in 1933; Skinner, 1933) . The distinction between a habit a focused and frenetic fashion after as few as two or and an addiction has never been a clean distinction three earned stimulations (Olds, 1958a 
Reward Receipt and Reward Prediction
Comparison of the sensed rewards of food, water, and so has its opposite, sensitization or "reverse-tolerance," sexual interaction with the unsensed laboratory rewards been suggested to underlie the compulsive drug seeking of brain stimulation and intravenous and intracranial of addiction (Robinson and Berridge, 2000) . drugs illustrates the difficulty in distinguishing the actual While it is clearly the case that brain changes associreceipt of reward from the receipt of sensory information ated with tolerance and dependence and brain changes that reward is coming (prediction of reward). How can associated with sensitization can develop under the one single out a specific event that constitutes the reright circumstances, what remains to be determined is ceipt of reward? In the case of a food reward, is the the degree to which either of these changes is necessary reward received when we see it, touch it, or taste it? for motivational habits to become compulsive. The rapid This question is not so easily answered as common onset of compulsive self-stimulation would seem to presense would have us believe. clude any of these drug-induced long-term neuroadapRewards are, in the simplest terms, the environmental tations as a necessary condition for compulsive drug incentives we tend to approach (Schneirla, 1959) . More seeking. Indeed, given the strong dosing regimens that precisely, they are the environmental incentives we rehave been used to demonstrate reliable neuroadaptaturn to after having previously contacted them. It is the tions, one might ask the opposite question: is, perhaps, return to a reward previously experienced that is the compulsive drug seeking a necessary precursor for the essence of habit and addiction. This is easily understood development of neuroadaptations in animals not subwhen the reward is localized in space by one or more of jected to experimenter-administered drugs? Similarly, the senses. Consider the case of food reward, however. one might ask if other motivational compulsions, such
Once the animal has tasted a sweet substance, it will as compulsive eating, compulsive sexual activity, or return to it again and again. However, the return to a compulsive gambling, are likely to affect the nervous previously experienced reward involves the return to system strongly enough to produce any of the neuroreward-associated landmarks as much as it involves adaptations associated with drugs of abuse. One direcreturn to the reward itself. The animal only finds the tion that is just beginning to be explored is whether any reward by approaching the environmental stimuli that of the known neuroadaptations can be established with point to the location of the reward. As the animal bethe minimal drug treatments necessary before drug selfcomes experienced at foraging for food, it identifies administration becomes compulsive or, for that matter, and is guided by more and more distal stimuli that, before animals become behaviorally sensitized to the sequentially, help the animal reach the food. Thus, the drugs. A second fact that is just beginning to receive animal might first learn the smell of a given food and attention is that increases in the tendency for compulbegin to follow the odor trail. Next, the animal might sive drug-seeking behavior can grow in the absence of learn the sight of the plants that give off the odor in drug-seeking opportunity; indeed, drug seeking can be question and learn to follow the sight path until reaching many times stronger a few weeks (Shalev et The mesolimbic dopamine system is in gold. Amphetamine and cocaine are rewarding because they act at the dopamine transporter to elevate nucleus accumbens (NAS) dopamine levels; nicotine is rewarding because of actions on nicotinic cholinergic receptors, expressed at both the cell bodies and the terminals of the mesolimbic system, that result in elevated dopamine release in NAS. Dopamine in NAS inhibits the output neurons of NAS. The normal cholinergic input to these receptors in the VTA is from the pedunculopontine tegmental nucleus (PPTg) and the latero-dorsal pontine tegmental nucleus; these nuclei send branching projections to several basal forebrain targets (not shown). Rewarding electrical stimulation of the lateral hypothalamus is thought to be rewarding because it activates fibers to PPTg. The excitatory amino acid (glutamate) projections of medial prefrontal cortex (mPFC) are in blue. Projections from this and other cortical areas that receive mesolimbic dopamine input (amygdala, hippocampus) also project to NAS; amygdala also projects to the substantia nigra and ventral tegmental area (SN/VTA). Phencyclidine is rewarding because it blocks NMDA-type glutamate receptors in NAS and mPFC. Blockade of NMDA receptors in NAS reduces the excitatory input to the GABAergic output neurons. Electrical stimulation of mPFC is rewarding because it causes glutamate release in VTA and dopamine release in NAS. Two subsets of GABAergic projection neurons exit NAS; one projects to the ventral pallidum (VP) and the other to the SN/VTA. GABAergic neurons in VP also project to SN/VTA. Most of the GABAergic projection to SN synapses again on GABAergic neurons; these, in turn, project to the pedunculo-pontine tegmental nucleus, the deep layers of the superior colliculus, and the dorsomedial thalamus. Heroin and morphine have two rewarding actions: inhibition of GABAergic cells that normally hold the mesolimbic dopamine system under inhibitory control (thus morphine disinhibits the dopamine system) and inhibition of output neurons in NAS. Ethanol and cannabis act by unknown mechanisms to increase the firing of the mesolimbic dopamine system and are apparently rewarding for that reason. The habit-forming effects of barbiturates and benzodiazepines appear to be triggered at one or more of the GABAergic links in the circuitry, not necessarily through feedback links to the dopamine system. Caffeine appears to be rewarding through some independent circuitry. first lesson is that what we tend to designate as the click of the lever is no more or less the receipt of cocaine reward than is the click of Ljungberg et al.'s (1992) door receipt of reward might more accurately be designated as simply a more proximal predictor of reward. Human the receipt of apple reward. That is to say, in each case the click may be what the subject is "waiting for" but exultation, if it were objectively studied, would underscore the fact that it is the receipt of reward predictors it-like the taste of the apple itself-is only a predictor of the reinforcer, the event that stamps in memory (Lanthat arouse us most. In the human situation, it is such things as the receipt of money, the receipt of the promise dauer, 1969; Pfaff, 1969; Huston et al., 1974; Messier and White, 1984) . of an assignation, or the receipt of an invitation to compete in the finals of an athletic tournament that elicits the explosive "Yes!" and that marks, as much as any-
Concluding Remarks
The mesolimbic dopamine system, its cholinergic input thing, the emotional excitement of "receiving" reward. These things are clearly rewards, but they are condifrom the brainstem, its glutamatergic input from cortical structures including the medial and occipital prefrontal tioned rewards, not primary rewards; they are rewarding only because of previous learning. These are rewards cortex and amygdala, its GABAergic inputs from striatal sources, and, finally, its GABAergic efferents in nucleus because of their association with things to come; they are rewards because they predict-just as sweet taste accumbens (and their glutamatergic inputs from cortical structures) comprise a major portion of the endogenous predicts the stamping in of memory by postingestional glucose-something more closely linked to the survival circuitry through which the pleasures of the flesh come to shape the habits of animal life (Figure 1 ). The proximity of the individual and the species.
In the case of intravenous or intracranial drug reward, of the mesolimbic system to the nigro-striatal dopamine system-a system widely identified with motor functhe sensed incentives-sight of the lever or cue lightare learned incentives that arrive tens of seconds or tion-has suggested this system to be an interface between motivational and motor mechanisms ( 
